Preliminary results in the development of a 3-D acetone laser induced fluorescence (LIF) technique for aero-optic measurements are reported. A fixed wall transonic wind tunnel was designed and constructed for studies of the aero-optically significant turbulent wake behind a hemisphere. The wind tunnel test section was found to have a Mach number of approximately 0.75-0.80. Schlieren and shadowgraph images reveal general features of the flow including evidence of a necklace vortex, the formation of a weak shock on the surface of the hemisphere, and the extent of the turbulent wake. For acetone LIF, a seeder was designed to spray acetone into the free stream flow several meters upstream, which subsequently evaporates before traveling to the test section. Single pulse acetone PLIF images were acquired using the 4 th harmonic output (266 nm) of a pulse burst laser system capable of repetition rates in excess of 1 MHz and are the basis for eventual 3-D imaging. The density variations induced by the separating flow are clear in the images, but details are masked by a low signal-to-noise ratio likely due to the limited particle number density of acetone molecules and strong variations in the intensity of the laser sheet. Future experiments are expected to be significantly improved through modifications to the acetone seeder, pulse burst laser energy, and improved image processing. Overall, the work reported here sets a firm foundation for ongoing work.
I. Introduction
The field of aero-optics has received renewed interest as laser based applications onboard aircraft are becoming more practical. It is well known that the distortion of an optical wavefront is most severe when passing through a turbulent flow characterized by large-scale structures with strong density gradients. In addition, as the distortion is directly proportional to the density gradients, the magnitude of the problem becomes worse at higher Mach numbers. These types of flows (as are all turbulent flows) are inherently three-dimensional and 3-D information about the density distribution is necessary to model the effect the flow has on a wavefront passing through it. Currently there is no suitable technique available to directly study the density distribution of a turbulent flow in three-dimensions.
Recently, the Auburn University Advanced Laser Diagnostics Laboratory (ALDL) has begun development of a high-speed 3-D density measurement technique for the study of aero-optics. The technique is based on the scanning and imaging of a high repetition (MHz) rate laser sheet through the flow field where a 3-D image can be reconstructed from a sequence of 2-D images. This technique has been demonstrated for the 3-D flow visualization of turbulent jets with images of 220 x 220 x 68 resolution acquired over a scan time of 136 microseconds, although speeds an order of magnitude faster are possible with higher speed cameras. For aero-optic measurements, the laser output is 266 nm and the flow is seeded with acetone such that each individual 2-D image can be considered as an acetone planar laser induced fluorescence (PLIF) image. Acetone is uniformly seeded into the free stream flow and the image intensity is directly proportional to the acetone number density in the flow and, therefore, the flow density. In this paper, we report preliminary results in our effort to ultimately develop this 3-D technique, so it can be applied to the study of the aero-optic problem. These preliminary results include Schlieren and shadowgraph images and acetone PLIF (2-D) images acquired using a single pulse from the high repetition rate laser and a conventional CCD camera. The flow field of interest is the flow over a hemispherical turret at transonic speed. These results form the basis for future work as we move toward 3-D measurements.
In addition to the laser diagnostics, we are also reporting on the design, construction, and characterization of a fixed wall transonic wind tunnel for aero-optic measurements. This tunnel has optical access for the laser diagnostics and is used to study the separated flow behind a hemisphere (the ceiling of the wind tunnel acts as a flat plate on which the hemisphere is mounted). A hemisphere is chosen as it qualitatively represents the flow around a turret. When there is flow in the tunnel, the flat plate exhibits a flat plate boundary and the flow field around the hemisphere exhibits a horseshoe/necklace vortex, a separating shear layer, shedding vortices/von Karman vortex street, a rear wake, and at high enough speeds, shockwaves. Several of these flow phenomena contribute to the aero-optic distortion problem because they affect the density of the flow field. Extensive background information has been collected on the aero-optic problem [Ref. [1] [2] [3] [4] [5] [6] [7] [8] [9] . The distortion of an optical wavefront occurs when it passes through the varying density of the air caused by turbulent flow. This density variation causes the index of refraction to change through the relation:
where n is the index of refraction, K is the Gladstone-Dale constant (2.23 x 10 -4 m 3 /kg for air), and is the density of air. Typically, wavefront distortion is represented by the optical path difference (OPD), which consists of the optical path length (OPL):
The flow field aft of the hemisphere contains many variances in density, which as explained above affects the index of refraction. If an optical wave front moves through a region with many different indices of refraction, sections of the wave front move faster or slower than before they enter that region. This causes the wavefront to become distorted as sections of the wavefront arrive at a point later or sooner than other sections of the wavefront. While the magnitude of the OPD may be small (on the order of the wavelength of light), it can have a large effect over long propagation distances. The consequence of this problem can be anything from resolution reduction to beam jitter [4] . Therefore, it is very important to understand the characteristics of the flow over a hemisphere in three dimensions and how they affect optical properties, such as index of refraction, so negative errors can be compensated for.
II. Transonic Wind Tunnel

A. Design
A fixed wall transonic wind tunnel was created and designed specifically for studying the flow field over a hemispherical turret at or near transonic speed. The tunnel was designed to be interchangeable with an existing supersonic tunnel, to have optical access, and to be economical. These considerations led to the tunnel shown schematically in Figure 1 . The wind tunnel uses a contraction nozzle with an internal contour that was determined using methods discussed by Bell and Mehta for low speed wind tunnels. This method yielded an equation with first and second derivates equal to zero at the entrance and exit of the contraction nozzle. This means that the flow is parallel to the entrance and the exit of the contraction section [10] and ensures that the flow is laminar when it enters the test section. The constant area test section, seen in Figure 2 , is 4" x 4" with a free stream Mach number varying from Mach 0.75 at the entrance to 0.80 at the exit, presumably due to boundary layer growth. The test section has side optical windows constructed of BK-7 glass with a viewable area of 4" x 12". When optical access is not needed for the side windows, delrin inserts can instead be used. The bottom optical stepped window has a viewable area of 3" x 11" and is constructed of UV fused silica that transmits light at 266 nm (so the pulse burst laser can pass through) and 532 nm. When optical access is not needed for the bottom stepped window, an aluminum insert can instead be used. All of the optical windows have an anti-reflective (AR) coating; the BK-7 side windows are coated for a broadband wavelength range of 400-700nm and the bottom UV fused silica window is coated specifically for 266nm and 532nm wavelengths. A choke block (with a slight bump to create a throat) is placed downstream of the test section. Through the area ratio A/A* between the test section and the throat, transonic flow is created in the test section. Downstream of the choke block is the diffuser which ejects the flow through a PVC elbow and out of the ceiling of the laboratory. Directing the flow out of the laboratory decreases the noise level in the room as well as vents the acetone vapor during acetone PLIF experiments. The transonic wind tunnel is mounted on a rolling stand so it can easily be interchanged with a supersonic wind tunnel. This wind tunnel is also equipped with stagnation, static, and storage pressure gauges. The stagnation pressure is controlled and regulated by a Spence pressure controlling valve. The user simply turns a knob to adjust the stagnation pressure.
B. Testing
A 1" diameter aluminum hemispherical turret model was mounted on the ceiling of the transonic wind tunnel test section pointing downward, 1/3 the length of the test section, downstream from the beginning of the test section. The hemisphere model was mounted in this orientation because the area of interest is the separated shear layer of the hemisphere and just aft of the hemisphere.
The wind tunnel test section was tested for transonic conditions once construction of the wind tunnel was complete. At a stagnation pressure of approximately 27.3 psia, the static pressure in the test section was found at three different locations (front, middle, and back) via pressure taps in the delrin side window, as seen in Figure 3 .
The remaining holes in the delrin side window were not covered during testing. Tests were performed with and without the hemisphere. At the end of these tests it was concluded from the P o /P values that the wind tunnel operates at Mach 0.75-0.8 as one moves downstream from the beginning of the test section. It was decided that this slight increase in Mach number is most likely caused by boundary layer constriction. At the stagnation pressure of approximately 27.3 psia, the static pressure was approximately 18.3 (+ or -0.5) psia. After testing for transonic conditions in the test section, Schlieren and shadowgraph images of the flow field were obtained using a laser based system and a Point Grey Grasshopper high-resolution CCD camera with 1280 x 960 pixel resolution. The shutter time was 10 microseconds, which is fast enough to reveal some of the nearly instantaneous features of the flow. The knife edge was positioned to render a nominally black image without the flow such that only strong pressure gradients would be visible in the images. Many of the expected features of the flow around a hemisphere are visible in the Schlieren and shadowgraph images. The head of the necklace/horseshoe vortex can be seen in Figures 4-6 as a small deflection in front of the hemisphere. It was noted that this necklace/horseshoe vortex changed back and forth from being very pronounced to less pronounced from image to image. The formation of a shock is also visible due to local acceleration of the flow around the hemisphere. Most transonic wind tunnels are made with porous walls to help dissipate these sorts of shocks and help prevent shock reflections off of the walls, but this wind tunnel was not designed with porous walls. Figure 6 shows that the shocks formed dissipate as they move vertically downward from the hemisphere. This is a positive because there will be very little shock reflection off of the bottom of the test section if any at all. Thus, the need for porous walls for this wind tunnel is minimized. Flow separation and the formation of a turbulent wake are the most striking features of these images. At the point of separation, the flow consists of a series of strong vortices shed from the hemisphere. In addition, the images indicate that the magnitude of the density gradient is quite large in this region and decreasing significantly within a few diameters downstream. 
III. Acetone Planar Laser Induced Fluorescence
A. Basic Characteristics of Acetone PLIF
Acetone planar laser induced fluorescence is the primary flow visualization technique that was used to obtain 2-D images of the flow over the hemisphere. General PLIF involves the use of a high powered laser beam, usually an Argon-ion or an Nd:YAG (Nd:YAG was used in this work), that is transformed into a thin plane/sheet and is shined through the flow field, as seen in Figure 7 . The seeded vapor molecules in the flow field absorb this laser light and a small percentage of these seeded vapor molecules fluoresce at a higher wavelength. Sometimes flow fields do not have to have seeded vapor molecules because their chemical make-up already allows for fluorescence, but that was not the case for this work. A digital camera is used to take pictures of the fluorescence [11] , thus an instantaneous image of a plane of the flow is obtained. These cameras are high-speed, so many sequential images can be obtained. Image processing is performed after obtaining these images in order to filter out the background signals, to compensate for the laser sheet energy variations, and to take into account each pixel's quantum efficiency variation [12] . Once completed, one has a sequential set of corrected images of a fluoresced plane in the flow. Although not a part of the work completed thus far, information related to temperature, pressure, number density, and velocity can be obtained from these planar images [12] . This entire process is non-intrusive, so the flow is not disrupted [11] . In acetone PLIF the same basic physical procedure is carried out as general PLIF, except the seeded vapor molecules are acetone instead of some other chemical.
The physical and photophysical characteristics of acetone have been extensively studied in the past and are still studied today [11] . Acetone (CH 3 COCH 3 ) absorbs light at 225-320 nm (UV) and fluoresces at 350-550nm (visible). The acetone LIF technique is very advantageous for measurements near walls because the fluorescence occurs at a different wavelength than the laser beam scattering (this is usually not the case for most other flow visualization techniques) [13] . Acetone is a very advantageous chemical to use for PLIF for many other reasons as well, such as it not being very expensive and having a short fluorescence lifetime [11] . The fact that acetone is not very expensive enables high acetone flow rate and high acetone number density experiments to be performed at a low cost. The short fluorescence lifetime is a positive because high speed imaging can be carried out. Acetone also is not very toxic and has a relatively high vapor pressure [13] , which allows it to be seeded into the flow at fairly high levels, thus increasing the signal. Acetone is also an efficient absorber of light at 266 nm, the 4 th harmonic output of an available Nd:YAG laser.
There are several other sources that discuss acetone LIF, PLIF, and MTV. Within the body of these texts there are small amounts of general background information on acetone excitation/fluorescence/photophysics that are a supplement to what is presented in this paper [Ref 14 -19] .
B. Acetone Fluorescence Signal
The fluorescence signal of acetone in an arbitrary optical arrangement is given by: This fluorescence signal represents the number of collected photons [11] by the camera. It is the product of the laser fluence, the optical efficiency, the collection volume, the acetone number density, the absorption cross-section, and the fluorescence quantum yield divided by the photon energy at a specific excitation wavelength. Our interest is in how the signal varies with flow density. In this case, many of these terms are constant and independent of the flow conditions (pressure and temperature). These terms are E, hc/ , opt , dV c , acetone , and k and their net effect on the signal can be determined through careful calibration. An essential feature of our experiments is that the molar concentration of acetone is constant through the flow. This is accomplished by seeding the acetone in the flow well upstream of the stagnation chamber and test section such that the acetone can fully evaporate and mix prior to expansion through the nozzle. Taking these items into account yields:
Furthermore, substitution of the equation of state yields:
From this relationship, it can easily be seen that the fluorescence signal is directly proportional to the flow density with a small dependence on the absorption cross section and fluorescence yield. Fortunately, these values are established in the literature where they are expected to only vary by 5-10% over the temperature range expected here with a negligible variation with pressure (i.e. ( ) ( ) [20] . For a compressible flow, density and temperature are independent variables; however, for the Mach numbers encountered here, we make the initial assumption that the flow is isentropic such that 1 T , which yields:
Where C is a constant to be determined through calibration, is the fluid density; and and are interpolated from values given in Thurber [11] .
If equation 6 is normalized with another signal in the flow field this yields: fluorescence yield, then the signal can be calculated at this specific point. Then the signal and density can be found at every point in the flow field using the signal scaling from equation 7.
In Thurber [11] at 266 nm he found the signal ratio at different temperatures by normalizing the signal at a specific temperature to the signal at 295 K. He also found the absorption cross-section at 266 nm for different temperatures normalized to the absorption cross section at 295K. Using this data and assuming constant pressure (which Thurber did in his experiments from the beginning), the ALDL research team back-solved for
at different temperatures (it was known that the effect of change in pressure on the fluorescence yield was negligible, so the absorption cross section and fluorescence yield ratios solved for were now functions of density as well). Then assuming isentropic conditions in the flow field to solve for the density ratio vs. i ) was created. The range of density for the plot is from the free stream density to the stagnation density. For this specific example case, it was assumed that the free stream density was the density at 295K. The density at 295 K was found by using the isentropic relation between temperature and density (standard sea level values for temperature and density were used as well as the temperature of 295 K). The stagnation density was found by using the density at 295 K and the Mach number of 0.8. Figure 8 clearly shows that the signal ratio increases linearly with flow density in this density range.
IV. Acetone Seeder and Pulse Burst Laser System
An acetone seeder was constructed to uniformly mix acetone into the flow prior to entering the test section. A nitrogen tank is used to pressurize the acetone liquid inside of a steel pressure container and when the ball valve on the pressure container is opened, the liquid acetone is sprayed into a large pipe well-upstream of the test section. This large pipe eventually leads to the test section, sweeping the acetone liquid along with the high speed air already flowing in the large pipe. The acetone liquid quickly evaporates before entering the test section. The spray nozzle is located in the middle of this pipe and is oriented to spray in the upstream direction. As seen in Figure 9 , a check valve is located in between the spray nozzle and the ball valve in order to prevent back flow in case the pressure from the steel container is by chance at some point lower than the pressure in the pipe. It was estimated that approximately 1 gallon of liquid acetone was needed for a 60 second test run, assuming 1% by mass of the fluid mixture was acetone. Two different types of spray nozzles were used during testing. The first nozzle created a better mist, but had a lower flow rate and the second nozzle had a better flow rate, but did not provide as good of a mist. In both cases, however, the acetone fully evaporated prior to reaching the test section.
A home built Nd:YAG pulse burst laser system, described in a previous paper [21] , was slightly modified and used to excite the acetone vapor molecules at a wavelength of 266nm. In this new system, two new power supplies/amplifiers are added to the pulse burst laser system, but only one of them is currently functioning (thus power supplies/amplifiers 1-3 and 5 are working, but 4 is not). Another new addition to the system is a stimulated Brioullin scattering (SBS) cell used as the double pass mirror for the third amplifier. The purpose of this cell is to prevent the propagation of a low-intensity background of amplified spontaneous emission (ASE), which severely limits the performance of amplifiers farther along the chain. The nonlinearity of the SBS medium acts as a reflector at high light intensities that occur during a pulse, but does not reflect at low intensities characteristic of ASE. The cell is 8 inches long, 1 inch in diameter, and is filled with the nonlinear optical fluid carbon disulfide (CS 2 ). Input energies of > 5 mJ/pulse are used going into the cell to ensure operation within the threshold of high-reflectivity.
To achieve a measurable fluorescence signal level, significant pulse energies at 266 nm (> 1 mJ/pulse) are needed. For the experiments described herein, single pulses were used to maximize pulse energy. Work is currently underway to expand these experiments to bursts of pulses at kHz rates. To record pulse energies, a thermopile power sensor is used which acts as an energy integrator. By dividing the reported power by the overall system repetition rate and the number of pulses in each burst, an approximate per-pulse energy is obtained. For single pulses, the reported power is divided only by the system repetition rate. Using only four amplifiers (the power supply to amplifier four was being repaired), the single pulse energy in the fundamental was 300 mJ/pulse. Second harmonic generation yielded 120 mJ/pulse, for a conversion efficiency of 40%. BBO and KDP were tested as options for the fourth harmonic generator; the beam quality was high enough to facilitate greater performance from the BBO crystal than KDP. Thus, the BBO crystal was selected and yielded 30 mJ/pulse, for a conversion efficiency of 25%, and a 10% total conversion efficiency from the fundamental. The final 266nm laser sheet was 200 microns thick and the pulse duration was 20 nsec.
V. Results from Acetone PLIF Imaging
The ultimate goal of this work is the development of a 3-D density measurement technique based on acetone LIF. In this paper, the ALDL research team presents preliminary efforts towards this goal using a more conventional acetone PLIF. It is emphasized that the results reported here are very preliminary in nature and represent the first steps towards development of an effective 3-D technique.
A. Test for Complete Vaporization of Acetone at 532nm
To make sure that the acetone was fully evaporated before entering the test section, a simple test was carried out using a 532 nm laser sheet (thickness of 200 microns, 100mJ/pulse, and pulse duration of 20 nsec) scanned through the flow field without a hemisphere in place. Images of this flow field were obtained with the Cooke Corporation Sensicam qe camera (camera specs explained in V.B.). If any particles were not fully evaporated before entering the test section then they should have had 532 nm laser light scatter off of them and should have shown up in the images. This test was only conducted with the first spray nozzle. It was concluded that acetone was fully evaporated by the time it reached the test section because only a few particles (believed to be dust or some other contaminant) appeared in each image, whereas if full evaporation did not occur, then many particles would have appeared in the images and the images would have been very spotty. These images were almost completely blank with the exception of a few dots.
B. Acetone PLIF images at 266 nm
To obtain acetone PLIF images, the procedure explained earlier in this paper was carried out. The aluminum hemisphere was mounted in the test section. Liquid acetone was injected well upstream of the test section and it was fully evaporated when it entered the test section. A 266 nm laser sheet (thickness of 200 microns) was passed through the flow field. A fraction of these acetone vapor molecules fluoresced and this fluorescence was captured by a Sensicam qe high-resolution, cooled, low-noise CCD camera with 1376 x 1040 pixel resolution. This resolution is valuable in allowing small-scale structures to be distinguished. These tests were performed at a stagnation pressure of approximately 27.3 psia and static pressure of approximately 18.3 (+ or -0.5) psia.
Acetone PLIF was initially performed with the first spray nozzle, but this did not produce a high enough flow rate to give a high enough acetone PLIF signal. Therefore, the second spray nozzle was tested. This produced better results. Exact flow rate measurements were not taken during these experiments because these experiments were just an attempt to obtain qualitative images for this first attempt at acetone PLIF. The closest thing to a flow rate measurement was using a stop watch and a ruler to measure how much the height of the acetone liquid in the pressure container had dropped. These numbers were not deemed accurate enough to include in this paper. Figure 10 shows the preliminary attempt of acquiring an acetone PLIF image. These images are single shot images. There are a number of important features about the image that will be highlighted here. First, to increase signal, the 30 mJ of laser energy were concentrated over an approximately 0.5" wide sheet. Variations in the laser sheet intensity are quite clear from the image. In addition, there is a hazy background glow that is visible even with the flow off (i.e. without acetone), possibly coming from the back wall or the front window, that makes interpretation and processing of the image difficult. Still, an encouraging sign is that features of the separating shear layer are apparent. One should keep in mind that many PLIF images are acquired in facilities where one stream is seeded and the other is not. This creates a high contrast boundary. This is not the case in the present work as the entire flow is seeded. As such, any variations in the image intensity are a function of the flow density. The image on the right shows a close-up view of the shear layer region with a crude sheet intensity normalization applied. In addition, the contrast has been enhanced to highlight the structure of the shear layer.
It is emphasized that this image represents the first attempt at acetone PLIF. The most encouraging sign is that structures in the shear layer are evident giving us something to build on. Several items need to be dealt with before accurate density data can be extracted, however. First, the source of the background illumination must be found and mitigated, possibly through careful cleaning of the windows and test section walls. Second, a detailed data collection and analysis procedure must be defined and implemented. It will include such things as dark field subtraction, flat field corrections and light sheet non-uniformity corrections. Third, the laser energy can be increased as one of the amplifiers was not functioning during these experiments. Fourth, the optical arrangement can be further optimized to view a smaller region of the flow and hopefully minimize variations in the light sheet intensity. Lastly, the number density of acetone can be increased significantly using a higher flow rate injection nozzle. Combined, these steps should yield images with a much higher signal to noise ratio. 
_____________________________________________________________________________
VI. Conclusions and Future Work
The Auburn University ALDL research team made great strides toward their ultimate goal of creating a high-speed 3-D density measurement technique for the study of aero-optics. The flow over a hemispherical turret was investigated at transonic speed using Schlieren imaging, shadowgraph imaging, and acetone PLIF. This further developed understanding of the aero-optic problems that occur in a turbulent flow field as clear, strong density variations were visible. This work also proved that acetone PLIF was a viable technique to study aero-optics. The success of these preliminary results provided a strong base for the future work of obtaining 3-D acetone LIF images of this flow field as there were still many improvements that could be made in order to increase the signal to noise ratio of these acetone PLIF images.
In terms of future work, there are many more tasks that need to be completed in order to achieve the ultimate goal of this project explained above. In the near future, the signal to noise ratio of the acetone PLIF images must be increased. Thus, new higher flow rate spray nozzles will be tested in order to increase the acetone mole fraction portion of the acetone fluorescence signal equation. In addition, the background illumination problem will be mitigated and attempts will be made to image a smaller area of the flow field to eliminate some of the laser sheet non-uniformity. Also, the fourth of the five power supplies will be functional in the laser system, so the pulse burst laser system will be operating at full power. This will enable a larger laser sheet size, so more of the area of interest can be visualized. This larger sheet size and more powerful laser sheet could increase or decrease the laser fluence, considering the laser fluence is the laser energy per unit area, so it could increase or decrease the acetone PLIF signal. Image processing will also be improved, so more accurate images can be obtained. Finally, a more accurate method for measuring acetone flow rate will be developed.
In the next couple of months, pressure transducers will also be added in front, behind, and actually on the hemisphere itself. The fluorescence signal equation will also be investigated more in order to create a more accurate model of fluorescence signal we expect in this flow field. The fluorescence signal dependence on temperature will also be investigated more.
In the long-term, 3-D images of the flow over the hemispherical turret will be obtained. Pressure readings on the hemisphere and aft of the hemisphere will also be collected.
